The article describes a method for detecting developing defects in high-power oil-filled transformers, based on the results of analysis of dissolved gases in oil. It has been found that an early diagnostic sign of development of ionization processes of aging and thermal degradation in transformers' isolation is the appearance of a systematic trend in the time dependencies of hydrocarbon gas content. Though, exceeding the concentrations of gases regulated by boundary values (the traditional criterion) does not always reflect the damage to the insulation, it often being reversible.
INTRODUCTION
Currently, one of the most common methods of diagnosis of the condition of high voltage power transformers is analysis of gases dissolved in oil (DGA). It is known that this method enables to recognize up to 80% of all defects in transformers. The method is based on the fact that any thermal or discharge processes in transformer insulation leads to its destruction and the formation of gases that are dissolved in oil. Each type of defect has its own spectrum of gases. To interpret the results of DGA, the world's leading energy and transformer-building companies are using several criteria: a criterion for boundary concentrations, a criterion for the rates of increase in gases, and the ratio of gas pairs. For each of the criteria, the known standards [1] [2] [3] [4] [5] [6] [7] regulate the boundary values, which differ significantly from each other. The studies performed in [8] showed that the use of boundary values of gas concentrations recommended by these methods is accompanied by erroneous decisions. At the same time, the lowest risk value occurs when the boundary values of gas concentrations recommended by IEC 60599 are used [1] . In [9] it was shown that the greatest reliability in the recognition of the type of defect is provided by the ratios of gases that are recommended by the method of IEC 60599. Despite this improvement in the methods, and the criteria used to interpret the results of the DGA, is being actively pursued. The main areas of improvement are both the adjustment of the boundary values of the concentrations and rates of gas growth [10] [11] [12] , the search for the use of new gas vapor ratios [13] , and the development of graphical methods of interpretation [14] [15] [16] . A large number of publications [17] [18] is devoted to the use of fuzzy logic and neural networks for interpreting the results of DGA. It should be noted that in most publications, are mostly refined the boundary values of the criteria used, and the dynamics of their change over time are not practically studied, which limits the possibilities for early detection of developing defects. This article describes the method for early detection of defects in high-voltage transformers, in which the criterion for the presence of a defect is not the numerical values of gas concentrations, as in most known techniques, but the nature of their variation over time.
A RESEARCH OF DEPENDENCIES OF CONCENTRATIONS OF GASSES DISSOLVED IN OIL ON THE DURATION OF OPERATION
As a training sample the results of chromatographic analysis of dissolved gases in oil for 426 transformers from 6 regions of Ukraine were used. Fig. 1 shows the concentrations of dissolved gases in oil hydrocarbon series the duration of operation, as well as the maximum values of concentrations, which are used in Ukraine [5] . The same figure shows the results of analysis of gases dissolved in oil in 1167 faulty transformers. (Shown in Fig. 1 red.) The figure shows that there are transformers that do not have defects (marked in Fig. 1 green) , for which the values of gas concentrations exceed the appropriate limit values while for some "defective" transformers gas concentrations despite of there being a defect are within acceptable values. This leads to the fact that the function of gas concentration distribution density for defect-free and defective condition of transformers intersect [19] , show Fig. 2 . Therefore it is not possible to select the boundary value gas concentrations that would not give wrong decisions. It is also clear that the tightening of the maximum values will lead to a sharp increase in the error I -the type I (false alarm). It was therefore decided to consider not only the quantity of gases released, but the dynamics of their changes during the diagnosed period of time.
The results of measuring of concentrations of gases are presented as follows:
where:   -the total error of the methodology for conducting DGA (due to errors in sampling, changes in gas concentrations during storage and transportation, systematic and random errors in the methodology for conducting DGA). 1 -for transformers without defects; 2 -for defective transformers at the moment of detection of a defect;
3 -maximum values of gases The conducted analysis has shown that for the defective transformers, diagnosed at the interval of time the systematic component exceeds significantly the noise components (see Fig. 3 ). This trend is not observed in natural aging of oil. The research showed that dependencies of hydrocarbon gases on the time of operating in the absence of a defect and the absence of effects of operational factors are of stochastic, random nature, i.e. the dominant are noise components   t  and   t  , which is illustrated in Fig. 4 . However, the excess of the systematic
was found not only in the transformers that were defective. There was found a group of transformers, for which there was significant excess of the regular components over the noise ones. At the same defects in these transformers were absent. Interesting is the fact that the concentrations of dissolved gases in oil significantly, in some cases up to several times, exceeded the maximum values.
Since some of the transformers showed a tendency to decrease of concentrations of dissolved gases in oil, it has been hypothesized that the reason for the increase of concentrations of dissolved gases in oil are the external influences. Therefore, further studies were devoted to analysis of operational influences on the change in concentrations of dissolved gases in oil. The analysis of excess of dissolved gases' concentrations in oil of their maximum values in defect-free transformers [20, 21] revealed a number of key reasons:
1. Incorrect calibration of the chromatograph. Prior to the analysis the chromatograph is calibrated not to the special gauge oils and oils for transformers with a known diagnosis. This may lead to the fact that the measured concentrations of dissolved gases in oil may several times exceed allowable values, see Fig. 4 . In this case, it is quite easy to identify the cause of the growth of concentrations of gases, since increasing concentrations of gases occur simultaneously on all substation transformers, see Fig. 4 .
2. The influence of operational factors. It is known [6, 20, 21] that increasing concentrations of gases in oil of defects-free transformers can be caused by the following factors:
 Increasing load of transformers;  Mixing of fresh oil with the remnants of the old one, saturated with gases, located in the cooling system, the tanks of regulation under loading device, expander, etc.;  Refilling with oil, which had been in operation and containing dissolved gases;  Conducting welding on the tank;  Damage to the oil pump with unscreened stator; oil's overheating by thermal electric heater at its processing in degassing and other facilities; flow of gases from the tank contactor of the device of regulation under load into the tank of the transformer with a load tap changer types of PC-3 and PC-4; seasonal changes in the intensity of the aging process, etc.
In case of an overload or overvoltage, the concentration of CO 2 and CO usually increases two or more times as compared with the maximum values, for example, due to failure or malfunctioning of the arresters, circuit breakers, lightning and switching overvoltage, phase mismatch, a short circuit in an electrically connected network etc.
Such transformers must be monitored. If the reason for the growth of concentration relates to the abovementioned cases, the concentration will return to the original within 1or 2 months. Hydrogen, % vol. However, the most critical in terms of decisionmaking, the situation becomes precisely at the moment when the concentration of dissolved gases in oil reaches the highest value and exceeds the maximum concentration. Hydrogen, % vol. dissolved gases in oil may be erroneously interpreted as a defect (an error of I-first type). In this case, the recommendation may be issued (and absolutely correctly) to take samples after a few days, but if this is the fastest growing defect, it can be overlooked (an error of II-the first type). After replacing the tires and tightening of all the bolted joints gas concentration began to decline gradually. It is established that such operational effects are felt not only on the concentration of gases in the diagnosed transformer, but also on the concentration of gases in nearby transformers at substations, see Fig. 6 . t , year Acetylene, % vol. To identify the growth of concentrations of gases, which is caused by external influences, in [21] it is suggested to use the following correlation between gases in adjacent transformers in the analyzed time interval: 
where: y i -the current value of the concentration of i -th gas in the transformer diagnosed; x i -the current value of the concentration of i -th gas in the adjacent transformer; y -the expected concentration of i -th gas in the transformer diagnosed; x -the expected concentration of i -th gas in the nearby transformer; n -the volume of sample values.
Decision on the significant correlation between the gases of adjacent transformers is taken if calculated, sample coefficient of pair correlation exceeds a critical value, with the number of degrees of freedom n -2 and the confidence probability p = 0,95. As seen in Figure 6 , despite the fact that the concentrations of methane, ethylene and ethane in the transformer T-2 highly exceed the value of similar concentrations of gases in the transformer T-1, the trend in changes of gas concentrations in the time interval considered is identical for both transformers. This is confirmed by the values of the coefficients of pair correlation between the gases in adjacent transformers, which are given in Table 1 . Of the seven pairs of analyzed gases, a significant correlation was identified between the СО, С 2 Н 4 , С 2 Н 6 and H 2 , indicating a common cause of rising concentrations of gases in adjacent transformers. To reduce the concentrations of dissolved gases in oil the following operational factors are applied [4] :
 Purging transformers with nitrogen with nitric protection of oils,  Reducing the load of the transformer,  Replacement of silica gel,  A long power disconnection,  Degassing of oil,  Refilling with degassed oil,  Partial or complete replacement of oil in the tank of the transformer,  Filling with oil under vacuum, including a partial vacuum,  Replacement of oil in the oil line, hanging bins, expansion tanks, selector device of regulation under load, etc.
In addition, the analysis showed that the decrease in concentrations of dissolved gases in oil is due to the appearance of the interim period between the date of ISSN 1335-8243 (print) © 2018 FEI TUKE ISSN 1338-3957 (online), www.aei.tuke.sk sampling and the date of the chromatographic analysis. In some cases, such intervals were 100 days or more, which inevitably led to reduced concentrations of dissolved gases in oil in the sample due to diffusion of gases into the atmosphere [20] . It should also be taken into account that sampling is done periodically and there is always a possibility that a defect may develop between the dates of the tests.
THE METHOD TO INTERPRET CHROMATOGRAPHIC ANALYSIS OF GASES DISSOLVED IN OIL
To verify the importance of the systematic component the coefficient of pair correlation was used. We determined:
1. The values of the coefficients of pair correlation between the concentrations of dissolved gases in oil and duration of operation (the hypothesis of the presence of significant growth in concentrations of at least one of the gases is checked);
2. The values of the coefficient of pair correlation between the gases in the transformer diagnosed (test the hypothesis of a simultaneous increase in the concentrations of gases is checked);
3. The values of the coefficient of pair correlation between the concentrations of the same gas in a diagnosed and adjacent transformers (hypothesis about the presence or absence of operational influences is tested).
The analysis of dependencies of gases on the operating time for all of the analyzed samples has allowed to classify four possible options for the behaviour of gases in the analyzed time interval. The values of the coefficients of pair correlation between dissolved gases in oil and the operating time and between gases in transformers with different states for each of the four variants are given in Table 2 .
The values of the correlation coefficients for gases in the defect-free state of the transformers are given in Table  2 -a (transformer substation «Gas main» of T-2, Lugansk Electricity-distributing Company). Type of dependencies of gases on the operation time can be described as a state of "complete chaos", because there was no significant correlation of gases over time and among themselves, which is illustrated by the data from Table 2 . Table 2 -b shows the correlation coefficients between gases at substation «Miner's Light» T-1, Kharkov electricity-distributing company. At the diagnosed interval simultaneous growth of methane, ethane and ethylene (acetylene absent) is observed, without development in time. No significant correlation of gases with time, but there is a significant correlation between the gases themselves. Such dynamics of gas changes in time corresponds to external influence on the part of the electric network. In this case, a short-time overload of the transformer. Table 2 -с shows the correlation coefficients between gases for the transformer substation «Fibreglass» T-2, Lugansk Electricity-distributing Company. As seen from Table 2 -с, at the diagnosed time interval a significant increase in the concentration of acetylene is observed, with only the acetylene gas of all gases being significantly correlated only with methane, having no significant correlation with time. In this situation, a definite diagnosis is difficult to place, it is necessary to evaluate further dynamics of changes in gas concentrations. The values of the correlation coefficients between the gases in the defective transformer are given in Table 2 -d (transformer substation «Postnikovo» T-1, Donetsk Electricity-distributing Company). As shown in Table 2 , at the diagnosed section for this transformer there has been revealed a significant correlation of gases with time and among themselves. Indeed, on 29.03.1999 on the DGA results there was discovered a thermal defect t >700°C, with damage to the solid insulation (overheating of the core, due to eddy currents). It should be noted that the proposed method enabled the detection of this defect six months earlier than the traditional method (a significant correlation between the time of operation and gas concentrations, as well as between the gases was detected in 2 years, whereas at the substation the defect was detected in 2,5 years).
The above examples show that in non-hermetically sealed transformers, a change in state is accompanied not only by an increase in gas concentrations, which is known and widely used, but also by a change in the nature of dependences of the concentration of gas on the duration of operation. If, for non-defects transformers, the values of gas concentrations vary randomly with time (show Fig.  4 ), then when the defect develops, the dependence of the gas concentrations on time (show Fig. 3 ) is close to the functional one. The random nature of the change in gas concentrations over time, for non-hermetically sealed transformers, is caused both by the processes of diffusion of gases into the atmosphere, and by intense oxidative reactions in conditions of free access of atmospheric oxygen. The impact of emergency operation modes on the part of the electrical net-work (short circuit, overvoltage, overload) lead to a short-term increase in gas concentrations without development over time (show Fig.  5-6 ). In this case, the gas concentrations can significantly exceed the boundary values. This can lead to false rejection of such transformers. At the same time, an analysis of the dependencies of gas concentrations in time will make it possible to identify the reasons for which the concentrations of gases have increased. It is of fundamental importance that the changes in the character of the gas concentration dependences as a function of time during the development of a defect in the transformer can be detected even before the gas concentrations exceed their boundary values. This allows you to detect defects in transformers at an early stage of their development, when there was no serious destruction of insulation that would ex-tend their resource. In order to systematize the results obtained, we introduce three variables: K 1 -characterizes the presence of significant positive correlation between the gases and the time of operation at the diagnosed interval and has two possible values of K 1 = 0 (no or no significant increase in gas concentration over time) and K 1 = 1 (there is a significant increase); K 2 -characterizes the presence of significant positive correlation between the gases in the tested transformer at the diagnosed interval, we assume K 2 = 0 in the absence of significant correlation between the hydrocarbon gases and K 2 = 1, if available; K 3 -characterizes the presence of significant correlation between similar gases in adjacent transformers at the substation; K 3 = 0 in the absence of significant correlation, and K 3 = 1 if available.
The decision rule for detection of developing defects, for various values of K 1 , K 2 and K 3 can be represented as a Table 3 .
The proposed method was tested on an independent sample consisting of transformers with a predetermined diagnosis. The sample included not only defective and defect-free transformers, but also transformers, which were subjected to emergency influences from the electrical network. For all transformers the diagnosis made by the developed method completely coincided with the real condition of the surveyed transformers. The above method is implemented as a separate module of the information-analytical system "SIRENA", for diagnosing the state of equipment of electric power systems. At present, this system is being developed at the Department of "Transmission of Electric Energy" NTU "KhPI". The growth of the concentration of certain gases, additional analysis is needed.
0 1
The growth of the concentration of certain gases, patterns of gases are identical for all transformers of a substation, external influences. 1 1 0 Defect.
1
Most likely the intensive external influence, additional analysis is needed.
CONCLUSIONS
The concentrations of dissolved gases in oil may exceed the maximum values even in the absence of a defect in a transformer. At the same time, the presence of gas concentrations in the range of admissible values is not always a symptom of the lack of a defect. Development of a defect in the insulation is characterized not only by growing concentrations of key gases, but also the emergence of a systematic component in the time dependencies of hydrocarbon gases. A method for interpreting the results of analysis of dissolved gases in oil is proposed, which uses the appearance of a systematic trend of time dependencies of hydrocarbon gases content (and not the concentration of dissolved gases in oil, as in most well-known methods) as a diagnostic criterion of existence of a developing defect. The method allows to identify the processes of ionization aging and thermal degradation in a transformer at an early stage, before there occurred a profound failure of isolation, to recognize the change of gas concentrations associated with exposure of a transformer to operational factors. The performed check showed a fairly high efficiency of the proposed method of detecting defects in high-voltage transformers. 
